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 ΦAbstract -- Despite recent revisions and harmonization 
efforts of international motor efficiency standards which has 
lead to the revised IEC Std 60034-2-1 and the efficiency 
classification of IEC Std 60034-30, there remains a lacuna in 
the context of motor systems efficiency. Although IEC is 
preparing a “Guide for the selection and application of energy-
efficient motors including variable-speed applications” labeled 
IEC Std 60034-31, to date, there is no internationally accepted 
test protocol that allows the determination of drive system 
efficiency at different load points. As the first in a set of three 
by a joint research project of three research institutes, this 
paper introduces iso efficiency contours as a useful tool in this 
context. The concept of these contours as well as their mutual 
interaction with system specifications and losses are discussed. 
A first testing protocol for all types of motor drives is proposed. 
The concept is illustrated by first results of an extensive testing 
campaign. 
 
Index Terms -- Variable Speed Drives, Efficiency, Standards, 
Iso Efficiency Contours, Motor Drives, Motor Losses 
 
I.   INTRODUCTION 
he importance of electric motor driven systems in 
industrial applications and especially their share in 
electricity consumption is well documented and 
accepted. Approximately 65% of the electricity which is 
used in industry is consumed by electric motors, the majority 
(90%) of the industrial motors being induction machines. 
This explains the vast amount of initiatives and 
standardization efforts in the context of energy efficiency of 
induction motors over the past decade [1-3]. Some of the 
most important achievements in this context are the 
increased awareness for the opportunities and importance of 
energy efficiency in motor driven systems, and the 
publication of the revised IEC Std. 60034-2-1 and of the new 
IEC Std. 60034-30 concerning the “Methods for determining 
losses and efficiency from tests (excluding machines for 
traction vehicles)” and “Efficiency classes of single-speed, 
three-phase, cage-IMs (IE-code)” respectively [4, 5].  
The rising market penetration of variable (or adjustable) 
speed drives (VSDs or ASDs) contributes to the increasing 
awareness of their potential in terms of energy savings in 
motor systems, but also in terms of technical solutions. 
Many modern applications require accurate control of speed 
and even torque, which can be facilitated by the use of 
power electronic converters. Moreover, other motor types 
such as permanent magnet synchronous motors or switched 
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reluctance motors inherently operated with power electronic 
converters are increasingly filling up niches in the market. 
They are even becoming economic alternatives for induction 
motors in VSDs. 
To date, there is no internationally accepted test protocol 
that allows the determination of drive system efficiency at 
different load points. However, for proper design, 
measurement and assessment of the energy performance of 
drive systems, the classic motor efficiency standards cannot 
be used as they are designed for direct-on-line applications. 
Several international initiatives try to fill this lacuna. For 
instance, the new IE4 efficiency limits [5] are formulated for 
an entire torque-speed range. Additionally, IEC is working 
on a new draft standard for the determination of efficiency of 
VSDs [6].  
There are three main issues concerning the assessment, 
design and choice of VSD system components when it 
concerns their energy efficiency. Firstly, there is the problem 
of the determination of the efficiency for different load 
points. Compared with direct-on-line efficiency, there are 
much more possible operating points and the method of loss 
segregation as it is installed in most efficiency determination 
standards is not readily applicable. Secondly, the nature of 
VSDs makes that there are multiple ‘degrees of freedom’ 
that influence the systems efficiency. In fact, there is a 
mutual influence of motor, converter, control algorithm and 
parameter settings on the respective losses in motor and 
converter. And thirdly, there is no harmonized system for the 
visualization or classification of the VSD efficiency over the 
entire operating range yet. However, in the context of 
(electrical) drive trains for vehicles a useful concept is 
already in use for years, namely the so-called efficiency 
maps or iso efficiency contours [7]. They are in fact the loci 
of equal efficiency values plotted as function of speed and 
torque as abscissa and ordinate respectively (e.g. Fig. 5). In 
that “vehicle context” they are proven to be useful for 
characterization and design of power trains. This concept 
was adopted for preliminary experiments with induction 
motor drives and introduced to industrial partners which 
welcomed this concept enthusiastically for up till now they 
had to satisfy with direct-on-line efficiency data and make 
further assumptions what converter influence is concerned. 
If such efficiency maps would be readily available for 
motor/converter combinations, it would be an enormous 
advantage for machine manufacturers when it comes to drive 
selection as their applications’ load trajectories can be linked 
to the efficiency contours. 
In this paper, a research project initiated by three 
collaborating research institutes focusing on this opportunity 
and lacuna in motor efficiency standardization is introduced. 
First the parameters and variables affecting VSD losses are 
briefly treated. Next, iso efficiency contours are introduced. 
Then, general prerequisites to enhance accuracy and 
reproducibility of efficiency measurements are summarized. 
This includes the description of a test-bench and -procedure. 
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 Finally, an interesting example based on experimental data is 
given. 
II.   EFFICIENCY OF VSD SYSTEMS, A MULTI-VARIABLE 
APPROACH 
In this section, VSD efficiency is elaborated more in 
detail for an induction motor type in order to gain insight in 
system losses and the main influencing factors. A similar 
analysis can be made for other motor types in VSD 
applications. 
A.   Direct-on-line versus Inverter-fed losses 
In comparison with direct-on line connection, the analysis 
of inverter-fed induction motor losses and efficiency 
determination is more complex and requires a different 
approach. In case of direct-on-line connection, the voltage 
and frequency are imposed by the power supply leading to a 
certain torque-speed characteristic. The operating point on 
this curve is only a function of load torque yielding a certain 
slip value. For given material properties and geometry, the 
main motor losses under reference conditions are determined 
by the flux and slip values at this operating point. Hence, for 
a given motor each torque-speed combination over the entire 
operating range corresponds with a unique distribution and 
magnitude of losses allowing a reproducible determination 
of efficiency according to the standards [4, 5, 8]. 
This is not the case for inverter-fed induction motors 
which have numerous influencing factors that are system-
dependent. In a certain operating point the flux, slip, 
fundamental frequency and switching frequency are degrees 
of freedom depending on the inverter and control algorithm. 
A variation in these degrees of freedom will not only affect 
the magnitude and distribution of losses in the motor, but 
also in the inverter. Each combination of motor, inverter and 
control algorithm represents in fact a multi-variable system 
causing the conditions for efficiency determination in each 
system to be different. Hence, an objective comparison 
between VSD systems for a given application based on 
manufacturers efficiency data is not feasible. As stated in the 
introduction, efficiency contours of VSD systems (motor, 
converter and control algorithm combination) provide a 
useful tool for comparison. 
 
Fig. 1.  Example of a typical loss distribution at the nominal operating point 
of a 11 kW 4 pole IE2  induction motor and inverter (96% efficiency) [6]. 
 
In order to analyze, interpret and compare efficiency 
contours, knowledge of the origin of the different loss 
components (Fig. 1) and how they are influenced by inverter 
parameters is essential. The following paragraphs give a 
brief overview of losses in an inverter-fed induction motor 
system and point out the main correlations between losses 
and electrical quantities imposed by the inverter (Table I).  
B.   Inverter and Motor Loss Components 
The inverter losses Pinv subdivide into two major portions; 
conduction losses Pcond and switching losses Pswitch. Others 
(e.a. blocking and driver losses) can be neglected [9]. The 
conduction loss is a product of inverter output current and a 
fixed voltage drop across the transistors and diodes. When 
the switching elements (usually IGBT’s) change states, the 
current through and the voltage across the switch does not 
change instantly. The product of voltage and current during 
each transition represents a switching loss, proportional to 
the switching frequency.  
Induction motor losses can be subdivided in order of 
descending magnitude [10]: 
-Joule losses PJoule in stator windings and rotor bars are 
proportional to the resistances and the currents squared.  
-Iron losses PFe (hysteresis and eddy-current losses) augment 
approximately with fundamental frequency and flux level 
squared. More harmonic content in the motor current  yields 
small fast changes in flux level and minor additional 
hysteresis loops causing respectively more eddy-current and 
hysteresis loss. 
-Friction and windage losses Pfr,w depend on motor speed. 
-Stray load losses PSLL (additional losses) are due to time and 
space harmonics and leakage flux caused by magnetic 
saturation, practical slot geometry and supply  distortions. 
They increase with load current and harmonic content. 
 
TABLE I 
CORRELATIONS BETWEEN INVERTER OUTPUT VARIABLES AND LOSS 
COMPONENTS IN A VSD INDUCTION MOTOR. 
 
  Inverter Motor 
  Pswitch Pcond Pjoule PFe Pfr,w PSLL 
Flux (~V/f)  + 
Current (~slip) + + +  + 
Fundamental 
frequency    + +  
Switching  
frequency +   -  - 
 
C.   Inverter Parameters and Control Algorithm 
Magnitude and distribution of loss components at each 
operating point can vary considerably according to the 
selected inverter and control algorithm parameters. The 
following considerations should therefore be taken into 
account. Equations (1) and (2) show the general relation 
between torque T, flux ψ, voltage V, frequency f and active 
rotor current I.  
~ V
f
ψ  (1) 
~ .T Iψ  (2) 
The magnitudes of flux and current to produce a certain 
amount of torque depend on the control algorithm which can 
be scalar V/f or vector control, open or closed loop, Field 
Oriented Control or Direct Torque Control. This yields that 
loss determining quantities (flux, current and frequency) at 
each operating point are a function of the applied control 
algorithm. Both vector and scalar control try to maintain 
rotor flux at a constant level over the operating range (up 
until the nominal voltage is reached), with vector control 
 being able to do this under very dynamic load conditions 
[11].  At steady-state however, the flux differences round the 
nominal operating range are only minor. Considerable 
differences in flux and slip level do occur at low speed (low 
voltage), high torque points. This is due to the voltage drop 
across the stator resistance which decreases the rotor flux 
level when scalar control is applied. This effect is partly 
reduced if the scalar controlled inverter boosts up the voltage 
at low speed. 
Equations (1) and (2) imply that for each operating point, 
an optimal balance between flux and slip (current) exists in 
order to minimize the total drive loss. This point is shown in 
Fig. 2 [12] and is given by a condition where the reduction 
in iron loss for a certain flux reduction equals the increase in 
losses due to the increasing current [13].  Modern inverters 
dispose of flux optimization algorithms based on an iterative 
search controller or a loss model of the motor drive [14]. 
 
 
 
Fig. 2.  Motor loss minimization with rotor flux and slip variation while 
maintaining constant torque.  
 
A similar analysis can be made for the inverter’s 
switching frequency. Faster switching yields lower harmonic 
content supplied to the motor resulting in lower iron and 
stray load losses. However, as the switches change states 
more often the inverter loss will increase correspondingly. In 
Fig. 3 an optimal switching frequency corresponding to 
minimal total loss can be found [15].  
 
 
 
Fig. 3.  Optimal switching frequency for minimal combined inverter and 
motor loss. 
III.   EFFICIENCY CONTOURS  
It is the intention to introduce efficiency maps, also 
known as iso efficiency maps or contours, as a useful tool to 
characterize the efficiency of VSDs. They originate from the 
area of vehicle applications using induction motors, switched 
reluctance motors or permanent magnet synchronous motors 
as electric traction motor. An example of such an efficiency 
map, recorded at the K.U. Leuven, for an induction motor 
drive is given in Fig. 6. Despite the fact that these maps are 
well incorporated and successful there, as such they are not 
established or even unknown in industrial applications. 
Nevertheless, also for the designers of VSDs in industry and 
other applications they have a promising potential. The maps 
can be used for trajectory mapping and assessment of drive 
or load cycles and estimation, even optimization, of the 
associated energy consumption. But even for less dynamic 
applications they could be used as a useful tool to assess 
where the operating point should be located in order to 
optimize system efficiency. 
However, in order to ensure an unambiguous application 
of this concept for VSDs, an internationally accepted 
approach, i.e. a standard on efficiency contours, is required. 
The only wide spread and internationally accepted standards 
concerning motor efficiency are intended for direct-on-line 
use, in fact, some versions even exclude motors for traction 
applications [4, 8]. The work done in the context of this 
project is aimed to contribute to this process of international 
acceptation and standardization. Therefore, in the next 
sections, the need for standardization is discussed and 
elaborated more in detail. The final result of this funded 
discussion is the proposal of a (preliminary) measurement 
procedure for efficiency maps of VSDs in general (Section IV). 
In fact, the IECs efficiency classification already suggests 
a similar approach of using efficiency maps for the 
efficiency limits of IE4 motors if the motors are rated for a 
certain speed-torque range [5, 16]. However, no specific 
method for the determination of the system efficiency is 
proposed. It is only mentioned that the direct efficiency 
should be measured over the motors winding connection and 
the mechanical output (shaft). Thus this does not take the 
mutual interaction between motor and converter, nor the 
efficiency of the converter itself into account. Even more 
importantly, if no extra precautions and conditions are 
imposed, this will not guarantee an accurate nor reproducible 
efficiency determination. This would be in contrast with the 
discussions concerning direct-on-line induction motor 
efficiency determination and the associated motivations for 
using the segregation of loss method, preferably the input-
output method, over direct methods. Moreover, in recent 
publications introducing and promoting the new IEC 
efficiency classification for IMs and discussing VSD 
efficiency, a similar approach using a matrix of test points 
(pairs) for speed and torque is mentioned [16, 17]. There, a 
suggestion is made to limit the number of testing points 
according to two common application types, i.e. constant 
torque applications like conveyors and quadratic torque 
applications like pumps. But, such a low density of 
efficiency values does not provide sufficient information for 
optimal VSD choice. As explained below and clearly 
noticeable from the example, often the zone(s) of highest 
efficiency occur for lower than rated torque and slightly 
higher speeds. This means that if only test points around 
constant and quadratic torque are given, an opportunity to 
indicate the most desirable zone to operate the motor drive 
combination is missed. On the other hand, it is also 
important for the users of VSDs to know the operating zones 
which should be avoided from the point of view of energy 
efficiency, which is also one of the purposes of the research 
project presented here.  
A primary requirement for unambiguous energy 
efficiency indication of VSDs and thus successful 
 application of efficiency contours is that they are recorded 
according to a founded and internationally accepted 
protocol. In the next section the preconditions for and factors 
affecting the reproducibility and accuracy of efficiency 
determination of electric motors and in fact VSDs are briefly 
listed prior to proposing a suitable testing protocol.  
For practical operating conditions, classic efficiency 
standards do not perfectly reflect the actual efficiency of the 
motor. For instance, due to the fact that also the partial load 
efficiency values are determined for full load stable 
operating temperature, the efficiency for partial load 
conditions is often underestimated. Such issues cannot be 
avoided and will also occur for VSD efficiency test 
protocols. Another interesting question in this context is 
whether efficiency maps can be used to predict the energy 
consumption of applications and if the quality of the 
estimation depends on how static or dynamic the load cycles 
are. The study of the energy consumption prediction for such 
trajectories of VSDs is described in [18].  
IV.   MEASUREMENT PROCEDURE 
A.   Requirements of efficiency testing protocols 
The international accepted test protocols of IEC and IEEE 
for the determination of direct-on-line induction motor 
efficiency are composed in such a way that the results are 
reproducible and reasonably accurate. This should also be 
the main requirement of a testing protocol for VSD energy 
efficiency (map) determination. However, there are more 
degrees of freedom as scope of applications, different 
combination of motors, drives and control algorithm, 
programming or converter settings, etc. Moreover, the 
method of loss segregation and the (temperature) corrections 
as they are known from the standards IEC 60034-2-1 and 
IEEE 112 (method B) are not applicable as such for VSDs. 
All together, this demonstrates both the complexity and the 
necessity of a testing protocol for VSD efficiency.  
B.   Test setup and instrumentation accuracy 
Fig. 4 shows the schematic of a suitable VSD test setup. It is 
a facility with the capability to mechanically load the motor 
and drive at the different test points as determined by the test 
protocol. To establish this loading, a controlled 
dynamometer or a DC drive may be used.  
The setup is also equipped with a torque and speed 
measurement. A digital power analyzer is used for the 
electrical measurements, i.e. voltage, current, frequency and 
computed power. The power is measured before and after 
the power electronic converter. The measurements are 
controlled in such a way that they are recorded 
simultaneously. The accuracy of the electrical quantities at 
the fundamental frequency and the torque have an accuracy 
of +/- 0.2%. The range of the torque transducer should be 
adopted to the motor and the accuracy of the speed 
measurement is +/- 1 rpm. However, given the nature of 
VSDs, harmonics at the input and output of the converter are 
involved and should not be ignored when selecting and 
programming the measurement equipment. Therefore, the 
frequency range of the digital power analyzer should be 
several kHz, preferably 200 to 300 kHz.  
The test setup should also be equipped with a temperature 
measurement device to keep track of the motor temperature. 
This temperature sensor should be located as near to the 
stator winding as possible, preferably in a slot or on the end-
windings.  
 
 
 
Fig. 4: Schematic of VSD test setup. 
 
C.   Testing protocol 
As already mentioned, the segregation of loss method and 
the linked (temperature) corrections are not easily 
applicable. Therefore, the direct method for the 
determination of motor, drive and total efficiency is used. 
Consequently, this makes the precautions described in the 
instrumentation requirements and in the test protocol 
proposed below increasingly important as they are the main 
tools to approximate reproducible results. 
 
1) Make sure that the bearings are well ran in. 
2) Use a test setup and instrumentation with specifications 
according to the description above. 
3) It is recommended to also determine the direct-on-line 
efficiency according to IEEE or IEC standards.  
4) The ambient temperature during the test must be between 
20 and 25⁰C.  
5) Determine the rated operating temperature by running the 
VSD at rated conditions until the temperature does not 
change more than 1⁰C within 30 minutes. Choose this 
temperature or a temperature slightly lower as test 
temperature. 
6) For a chosen matrix of test points [19], the measurements 
are performed. Preferably, start with choosing a (nearly) 
fixed speed and ‘scan’ the preferred load points starting 
with the highest torque until the lowest partial load 
point. Make sure that the motor temperature stays within 
+/- 5⁰C of the test temperature. 
a) Before recording each point, make sure that a stable 
operating point is reached.  
b) If possible record several points for averaging during 
post processing. Make sure that the settings on the 
power analyzer are correct. 
c) If motor temperature exceeds the limits, higher or 
lower the loading and/or speed until the test 
temperature is reached again and retake the entire 
set of load points . 
d) The sequence of speed ranges may be chosen such 
that there is a good mix of good and bad cooling 
conditions, i.e. high and low speeds if the fan is 
shaft mounted. 
7) If desired repeat tests for generator mode. 
8) Regularly check and take into account the offsets of the 
torque transducer. 
  
Remark that if required, interpolation between 
measurement sets is possible. More information on the 
choice of the test matrix, required density of test points and 
accuracy linked with such interpolations can be found in 
[19]. 
V.   EXAMPLE 
In order to illustrate the previously discussed concept and 
measurement procedure with an example, Fig. 5, Fig. 6 and 
Fig. 7 present iso efficiency contours of a VSD that was 
tested at the K.U. Leuven ELECTA laboratory. The 11 kW 
4-pole induction motor is being fed by a scalar controlled 
inverter. The particular shape of the contours is a direct 
consequence of the change in magnitude of loss components 
over the operating range caused by a variation in frequency, 
flux and current (slip) as indicated in Table I. Two regions 
can be distinguished; the constant flux and the field 
weakening region. The blue line indicates nominal torque 
and power operation respectively under and above nominal 
frequency.  
Fig. 8 gives a strongly approximated evolution of motor 
and inverter loss components in the constant flux and field 
weakening region. Low speed - high torque points have  
very low efficiency due to output power independent losses. 
As speed increases, the efficiency improves rapidly (small 
spacing between contours) reaching an optimum around 
synchronous  speed. At nominal power operation in the flux 
weakening region, iron losses become approximately 
constant, the friction and windage losses gain in amplitude 
and the lower magnetizing current yields a reduction of joule 
loss. This causes a difference in slope between the nominal 
power line and the efficiency contours in Fig. 5 and 6. 
Notice that the efficiency would remain practically constant 
if the change in Pfr,w and Pjoule could be neglected.  
It appears that highest motor efficiency occurs at points of 
lower torque and slightly higher speed than rated [7]. 
Because a lower torque yields less slip (lower current), it 
leads to a reduction in joule losses proportional to the torque 
reduction squared. 
 
Fig. 5.  Combined motor and inverter iso efficiency contours. 
 
Fig. 6.  Motor iso efficiency contours. 
 
Fig. 7.  Inverter iso efficiency contours. 
 
 
 
Fig. 8.  Approximation of loss component distribution and magnitude under 
constant torque (f<50Hz)  and constant power (f>50Hz) operation. 
VI.   CONCLUSION 
To date, there is no internationally accepted standard for 
efficiency determination of variable speed drives at different 
load points. The discussion about this lacuna and how to 
provide a solution is ongoing. In this paper, the concept of 
iso efficiency contours together with a brief description of a 
test-bench and a preliminary test-procedure is put forward as 
a contribution to the discussion. The biggest problem 
however is the reproducibility of measurements as the direct 
input-output method has to be used. The influence of 
temperature is reduced by imposing ambient temperature and 
motor temperature deviation limits. Measurement errors 
however cannot be cancelled out as it is the case with 
indirect methods. The attainable reproducibility of the 
proposed method and how to enhance it is an item for future 
research. The concept of iso efficiency contours and the 
 measurement procedure has proven its potential throughout 
an extensive measurement campaign in cooperation with 
industrial partners. An example is presented together with a 
first analysis and interpretation of the contour shapes. 
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